KEYWORDS cerebrovascular diseases; cardiovascular diseases; angiography; ghost imaging; computational ghost imaging; spectrum imaging Ghost imaging (GI) has characteristics that make it promising for applications in life sciences and other fields, such as its high sensitivity and strong anti-interference compared with traditional imaging. This paper presents a new approach for online angiography using GI. Two signals are correlation-calculated to detect the object image: one of them is the random light field generated by a computer, and the other enters the optical fiber path after being transmitted to the detected object via a modulator. A new approach for the real-time imaging of intravascular flow, vascular wall structures, and components of atherosclerotic plaque is proposed, which has the advantages of a high sensitivity and anti-interference.
Introduction
Cardiovascular and cerebrovascular diseases are serious threats to human health and are often the first of many causes of death. At present, the diagnosis and treatment of cardiovascular and cerebrovascular diseases rely on biomedical imaging technology. The major imaging techniques include ultrasound imaging (UI) [1] , computed tomography (CT) [2] , magnetic resonance imaging (MRI) [3] , and digital subtraction angiography (DSA) [4] , all of which have inevitable limitations. UI has a low spatial resolution and poor signal-to-noise ratio. The contrast of CT is too low, MRI involves complex image reconstruction, and neither of them allow real-time imaging. DSA has played a vital role in the diagnosis and treatment of vascular diseases in recent years. However, it simply reflects the shape of the lumen rather than the intravascular flow, and it is especially difficult to evaluate each layer of the vascular wall and the composition of atherosclerotic plaque. The motion artifacts produced by the heartbeat, breathing, and otherinevitable movements are also a major disadvantage of DSA and make it difficult to diagnose and analyze the angiogram. In addition, during a DSA examination, patients are exposed to a high dose of radiation and administered a high dose of contrast agents that greatly increase the risk of allergic reactions and renal dysfunction. Moreover, the composition of atherosclerotic plaque is closely related to plaque rupture [5] , but none of the aforementioned methods can determine the plaque composition. Therefore, it is important to focus on new theories and methods for medical imaging.
Ghost imaging (GI) [6] [7] [8] can obtain information about the target by measuring the second-order correlation of the two optic paths. In 1994, Shih et al. of Maryland University obtained anentangled light source through parametric down-conversion and quantum geometrical imaging, during which quantum interference phenomena of two-photon entanglement were observed [9, 10] . Thus, entangled light correlation imaging was realized for the first time.
Because the preparation of the entangled light source is difficult, researchers have considered whether a hot light source can be used instead of an entangled light source. In 2002, Boyd et al. of Rochester University simulated a hot light source using a small-angle swivel mirror, and thermal-light correlation imaging was achieved for the first time in a quantum imaging architecture [11] . The hot light is easy to prepare, which is convenient for use in the medical field.
In 2008, Shapiro of the Massachusetts Institute of Technology first proposed computational ghost imaging (CGI) [12] . The ground glass used in conventional correlation imaging was replaced by a spatial light modulator，which greatly simplifies the complexity of the optical path and makes the correlation imaging technique more practical. CGI has the strong advantages of a high sensitivity and anti-interference, making it suitable for use in the medical field.
As indicated by the research status and the development trend of GI from entangled light imaging and thermal imaging to CGI, GI is developing towards the practical direction. Additionally, it is more suitable for practical applications because the computed correlation has the characteristics of a controllable matrix. Therefore, we use CGI to realize the integrated imaging.
With the continuous progress of technology and the urgent needs of clinical diagnosis and treatment, GI is drawing interest in the medical field. GI is used for experiments in the hard-X-ray energy range [13] . We can improve the imaging quality by using the strong anti-interference ability of GI. This paper presents a new technique for the online imaging of blood vessels based on GI for the first time, which can achieve the real-time online imaging of the intravascular flow, the structure of the vascular wall, and the atherosclerotic plaque composition by CGI.
Theory of GI
The optical path of pseudothermal GI is shown in Figure 1 . The pseudothermal light source is a random light field generated by ground glass irradiated by a laser, and we can obtain the image by correlating the information collected by two detectors. The bucket detector, which has non-spatial resolution, collects the total intensity of the light passing through the object or reflected by it. A charge-coupled device with spatial resolution collects the light-field distribution, where the optical path does not contain the object to be measured.
In (1) and (2) are the second-order correlation function and the fluctuation correlation function of the second-order correlation imaging system, respectively, which describe the imaging result of second-order correlation imaging. The angle brackets represent ensemble averages. 
In pseudo-thermal GI, the two optical arms must be equal to ensure the accuracy of the reference arm field information, which has many restrictions and is not suitable for medical imaging.
Angiography method using CGI
CGI is a single-arm GI method that is suitable for angiography. CGI has a high sensitivity and ease of use in angiography and can use the spectral information about the vessel wall and atherosclerotic plaque. Therefore, we propose wide spectrum CGI (SCGI) for online angiography. Figure 2 shows the optical path in SCGI. In the CGI system, the wide laser beam emitted from the lasers irradiates the surface of the spatial light modulator, which uses Digital Micromirror Device (DMD), and the modulated light field irradiates the surface of the object, whose reflected light field is collected by the bucket detector. The random data loaded into the spatial light modulator are correlation-calculated with the measured value of the bucket detector, which can obtain the imaging result. Because the modulation information is controllable, the information about the light-field distribution on the object can be designed. Therefore, the reference optical path is not needed, and the imaging can be completed by using the single-arm scheme combined with the single-pixel bucket detector [14, 15] . Correlation measurement is the theoretical and experimental basis of GI. It involves the second-order correlation function theory and the measurement method. In contrast to two-path imaging, a modulated matrix is used instead of r r ( ) E x in Eq. (2). The second-order correlation between the random light field generated by the modulator and the light field at the bucket detector is measured.
Principle of CGI using spatial light modulator

Advantages of CGI in medical field
Quantum correlation imaging is non-local and has a high resolution, a high sensitivity, a low sampling rate, no lens imaging, and strong anti-interference. Compared with other technologies, its high sensitivity and anti-interference make it advantageous in the medical field. In the imaging process, a bucket detector with non-spatial resolution is needed. A single photodetector can be used, which significantly improves the sensitivity of the imaging system. In addition, the scatter mediums affect the imaging result. Scatter mediums exist both in the emission path and the reception path which is closest to the actual condition in medical-field imaging. The influence of the scattering medium on the total light-intensity fluctuation is not significant. Therefore, the scattering medium in the path does not significantly affect the final imaging result. However, in traditional direct imaging, the scattered light field, whose interference is difficult to eliminate via a simple mechanism, greatly interferes with the imaging result [16] . The blood in the vessel is a turbid scattering medium, and the feature of GI provides a theoretical basis to reduce the interference for applications in medical angiography.
Approach
The absorption lines differ for different tissues in the blood vessel. Via comparative analysis of imaging at different wavelengths, we can acquire information that cannot be obtained in the normal view. Moreover, combined with GI, real-time online imaging can be achieved to distinguish the structure of vascular tissue. Figure 3 shows a diagram of the system used to obtain a image of the intravascular flow, vascular wall structure, and atherosclerotic plaque composition using GI. The system consists of a broadband light source, a spatial light modulator, an array flexible fiber bundle, a collecting lens, a single-point light-intensity detector, a data-acquisition card, and a data control and processing unit. The data-acquisition card is used for collecting light-intensity information. The datasynchronization unit is used for synchronous control of the transmission module and the collection module. The data control and processing unit is used for transmitting the modulation information to the transmitting module and processing the collected light-intensity information.
Online intravascular wall lumen imaging based on SCGI
The optical signal irradiates the spatial light modulator. The two-dimensional matrix of the spatial light modulator simulates the binarized light field, whose resolution determines the resolution of the endoscopic imaging. The modulated light field irradiates the vessel, and the end of the optical fiber is aligned with the imaging object to couple the light reflected by the object into the optical fiber. The reflected light is received by a single-pixel detector. By maintaining the bucket detector and the random array synchronization generated by the spatial light modulator, the array generated by the spatial light modulator is known. Using the total light intensity of the object image information measured by the single-pixel detector, we can achieve real-time imaging via a reconstruction algorithm.
Vascularwall structure and atherosclerotic plaque composition analysis based on GI
The current technology can only realize imaging in the shape of the lumen and does not have good performance in the detection of vascular wall structures and atherosclerotic plaque compositions. To solve this problem, we propose the use of SCGI for angiography.
Vascular wall structures can be imaged via spatial three-dimensional GI. The modulated light irradiates the vessel wall tissue. The arrival times of the reflected light at different depths of the tissue differ, and we can distinguish the different arrival times of the two beams of light to obtain the depth information about the object.
Atherosclerotic plaque consists of fat, fibrous tissue, calcium, red blood cells, macrophages, platelets, and other components, and the composition of the plaque is closely related to its susceptibility to rupturing. It is critical to determine the plaque composition, which can be done via four-dimensional imaging-including spatial 3D and spectrum imaging-because treatment regimens differ for different degrees of vulnerability. Additionally, the absorption lines differ for different tissues in the blood vessel. We can obtain the required information by combining the comparative analysis of imaging at different wavelengths with GI.
Conclusions
We propose SCGI for online angiography to image the intravascular flow, vascular wall structure, and components of atherosclerotic plaque. It contributes to more accurate and effective diagnosis of cardiocerebral vascular diseases. SCGI enhances the endoscope spectral resolution and detection depth. SCGI can also be extended to endoscopy, colonoscopy, laparoscopy, etc., which can image the tissue and structure of pelvic lesions in real time. It also fills the gaps in the application of GI in medical imaging and has important social and economic benefits.
